Background: Many children in developed countries do not receive recommended vaccines
| INTRODUCTION
High-income countries achieve very good coverage for up-to-date immunization assessed at key ages, such as 12 and 24 months (de Cantuária Tauil, Sato, & Waldman, 2016) . However, these figures mask delays in the administration of vaccines at appropriate ages (Dombkowski, Lantz, & Freed, 2004) . For example, in the United States, a recent study showed that only 26% of children had received all doses of the six vaccines recommended by 24 months on time (Kurosky, Davis, & Krishnarajah, 2016) , and in 2013, up to half of Australian infants were at least a month late in completing vaccinations in the primary series due by 6 months . Immunization timeliness is a concern because the effectiveness of vaccine programs for reducing the burden of disease might be compromised if large proportions of children are not vaccinated on time (Clark & Sanderson, 2009 ). Efforts to improve timeliness will benefit from high-quality data about the risk factors associated with delays.
Research in high-income countries has shown that incomplete immunization is attributable to both socio-economic disadvantage, which can create barriers to accessing immunization and to parental concerns about the validity of vaccines (Bond, Nolan, & Lester, 1999; de Cantuária Tauil et al., 2016; Dubé, Vivion, & MacDonald, 2015; Haynes & Stone, 2004) . However, in this literature, immunization completeness is typically assessed at milestone ages, such as 12 or 24 months, several months after the vaccinations were actually due (Clark & Sanderson, 2009; Kurosky et al., 2016) . This limits the relevance of these findings to immunization timeliness. For instance, because many children who are not vaccinated on time do eventually receive vaccines (Hull & McIntyre, 2006) , children with parents who object to vaccines may comprise a large percentage of those who remain incompletely immunized at milestone ages.
Analysis of incomplete immunization at milestone ages may then emphasize the importance of vaccine refusal for a small number of children at the cost of other socio-demographic factors that may underlie delayed immunization for a much larger number of children.
A recent review (de Cantuária Tauil et al., 2016) did distinguish between factors associated with both incomplete and delayed immunization. Of studies that examined immunization timeliness, only four were from high-income countries: three from the United States (Cotter et al., 2003; Luman et al., 2005; Williams, Milton, Farrell, & Graham, 1995) and one from Belgium (Theeten et al., 2007) . These showed that delayed immunization was associated with lone motherhood, low maternal education, larger family size, and low socioeconomic status. However, none of these studies considered the role of parental attitudes to immunization. Given the importance of parental attitudes to immunization decisions, this is a significant limitation in the existing literature.
To date, the relative size of the influence of socio-demographic factors on immunization timeliness compared with parent attitudes has not been quantified. Policy-makers would benefit from this information, as it would provide guidance on where resources should be directed in efforts to improve timeliness. However, data that are representative of the population are best suited to this exercise.
National immunization registers provide a very useful source of information about immunization timeliness. Increasingly implemented in a number of countries (Crowcroft & Levy-Bruhl, 2017) , national registers are confidential systems that contain vaccination histories.
The Australian Childhood Immunisation Register (ACIR) was established in 1996 and is a near-complete population register (Chin, Crawford, Rowles, & Buttery, 2012) . In this study, we match records from the ACIR to Australian-born children in the nationally representative Longitudinal Study of Australian Children (LSAC; Edwards, 2012) . To our knowledge, this is the first time that rich sociodemographic data available on children and families available in a nationally representative cohort study have been combined with immunization register data.
Using these data, we address the following research question:
How strongly associated with delayed infant immunization are socio-demographic factors compared with parental attitudes? We consider the series of vaccinations due by 6 months old because delays in the acquisition of immunity for serious infections such as pertussis are especially concerning for young infants. Although we are primarily interested in delayed immunization, to avoid conflating children who are delayed with those who never receive any vaccinations, we also consider predictors of total non-immunization in the first 12 months of life. Written consent to match to ACIR was obtained from parents in the Wave 1 LSAC interview. Deterministic matching using Medicare number, name, and address was used to match study children to ACIR records. Records for 267 children could not be matched.
| Outcome variable: Immunization status at 7 months old
We created an outcome variable with three categories, including • To our knowledge, this is the first study to use representative cohort data combined with immunization register data to examine factors relating to delayed immunization in infancy.
• Indicators of social disadvantage were more strongly related to delayed immunization than parent objection to vaccines.
• Larger family size was the greatest correlate of delayed immunization.
• These results suggest that timeliness might be improved through multicomponent, family-focused strategies including reminders to parents and removal of barriers to immunization for busy families.
Type b (Hib) and Hepatitis B vaccines. We assumed that by completion of the third dose, the first and second doses had also been received (Hull & McIntyre, 2000) . Children were defined as delayed if they had not received all of these doses by 30 days after their 6-month birthday. A 1-month delay for infant doses is considered overdue according the ACIR (Department of Human Services, 2016), and other studies of timeliness have also considered "vaccination delay" to begin at 1 month after a dose was due (e.g., Hull & McIntyre, 2006) . Children were defined as totally non-immunized if they had not received any doses by 12 months old.
| Predictor variables
All predictor variables were derived from the 2004 Wave 1 primary caregiver interview and survey. In 99.75% of cases, the respondent was the child's biological parent (98.59% mother). Details of variables and distributions are listed in Table 1 . We included four domains of socio-demographic variables that have been related to incomplete immunization in past research (de Cantuária Tauil et al., 2016; Haynes & Stone, 2004; Samad et al., 2006) . These included demographics and household factors, education and income, community characteristics, and child health and service use. 
| Missing data
There were missing data on predictor variables for 681 cases (16.50%).
The majority of missing data were for child service use (647 missing;
15.70%) because the responding parent did not return the selfcomplete part of the Wave 1 survey. The proportion of missing data for all other variables with missing values was less than 1%. Univariate logistic regression models showed that the likelihood of missing data was higher for mothers who were young, Aboriginal or Torres Strait
Islander, lone parents, living in public housing, living in more disadvantaged areas, who did not speak English at home, had moved since the child's birth, had education below a bachelor degree, did not have private hospital insurance, had lower incomes, and whose children were incompletely immunized at 7 months.
The probability of a child not being matched to the ACIR and, therefore, missing data on the outcome variable, was higher for children of parents with low incomes, living in remote locations, who did not speak English at home, and who were neutral about childhood immunization.
Multiple imputation with chained equations was used to account for missing data, assuming data were missing at random. The imputation model included all the dependent and independent variables in the model, as well as the proportion of residents in the child's postcode who were Aboriginal or Torres Strait Islander, had completed high-school, and were employed. Ten data sets were imputed, and coefficients were combined using Rubin's rules (Sterne et al., 2009 ).
| Statistical analysis
We used multinomial logistic regression to examine associations between the predictors and the relative risk of delayed immunization or total non-immunization compared with on-time immunization at 7 months old. We report unadjusted risk ratios from univariate models, as well as adjusted estimates from a model with all predictors included.
Following the regression analysis, we estimate the population attributable fractions for variables in the adjusted model that were significantly associated with immunization status. Analyses were weighted to take account of the survey design (Australian Institute of Family Studies, 2015). All analyses were carried out using Stata 13.1.
CI indicated a lack of precision for this estimate. The estimated PAFs for delayed immunization for the remaining factors (parental attitude, lone-parent household, residential mobility, and the study child having a health condition) were all around 2% to 4%. The largest PAF for total non-immunization was the study child having an ongoing medical condition or disability, but as only one non-immunized child in the sample was reported to have a health condition, the precision for this estimate was low and must be treated with caution. Consistent with the estimates from the regression, about two thirds of all non-immunization was attributable to parental disagreement with immunization.
We compared the reported estimates with those obtained with complete, non-imputed data (see Supporting Information). The percentage of children delayed at 7 months was 0.30% lower in the complete data, and the percentage of children non-immunized was 0.10% lower. Estimated proportions for immunization status using imputed data were within the CIs for estimates obtained using complete data. Substantive results in the regression model and for PAF estimates were the same in complete and imputed data.
| DISCUSSION
This is the first study to compare socio-demographic factors and parental attitudes as correlates of infant immunization status using representative cohort data linked to national immunization register data. We found that although parental disagreement with immunization increased the likelihood of delayed immunization, sociodemographic factors overall were more strongly related to delayed immunization. These included lone parenthood, larger family size, residential mobility, lack of private hospital insurance, and the child not having seen a GP. In addition, results suggested that children with ongoing health conditions or a disability were more likely to experience delayed immunization but were less likely to be totally non-immunized.
The leading factor amongst all socio-demographic factors was larger family size, with around 40% of delayed immunization attributable to increasing numbers of siblings in the household (compared with no siblings), compared with around 2% to 10% of delayed immunization attributable to other socio-demographic factors.
Family size has been independently associated with incomplete immunization in many studies conducted across the developed world (de Cantuária Tauil et al., 2016; Haynes & Stone, 2004; Luman et al., 2005) . However, there is little direct evidence for the mechanisms underlying this association. In high-income countries, family size is correlated with indicators of material deprivation, including lower incomes, low parental education, and lone parenthood (Crosnoe, Mistry, & Elder, 2002) . Childhood vaccines in Australia are provided free of charge and largely administered free of charge, although some GPs may charge a consultation fee. Therefore, difficulty paying for children's vaccines is unlikely to be the explanation for the association between family size and delayed immunization. Other barriers to timely immunization that may be more prevalent in larger families include more frequent illnesses in the target child, lack of transport, lack of access to care for older children whereas infants receive vaccinations (Reading, Surridge, & Adamson, 2004) , and time scarcity (Strazdins et al., 2011) . For instance, lower-income families living in outer-urban areas of Australia where housing is more affordable face poorer access to services, including public transport and GPs (Roeger, Reed, & Smith, 2010) . It is also likely that larger families where children are not immunized on time experience high levels of stress. .000 2.4 [1.6, 3.6] <.001 13.7 [6.6, 28.6] <.001
Disagree very strongly or quite strongly 3. 8 [1.8, 8.4] .001 374.3 [179.5, 780.7] .000 3.9 [1.8, 8.6] .001 498.5 [221.8, 1,120.2] <.001
Note. uRR = unadjusted risk ratio; aRR = adjusted risk ratio. N = 4,121.
a Zero study children born overseas were totally non-immunized. Therefore risk ratios could not be estimated for the association between overseas birth and total non-immunisation.
b SEIFA = Socio-Economic Indexes for
Areas (ABS, 2003) .
| Strengths and limitations
A strength of this study is the use of rich, nationally representative data from LSAC with linked data from the ACIR. This has the benefit of avoiding uncertainty around mothers' reports of children's vaccination histories (Miles, Ryman, Dietz, Zell, & Luman, 2013) and permitting the examination of immunization timeliness. In addition, because LSAC is a general study, and questions about immunization attitudes and health were not asked at the same time as immunization administration, counselling, or a specific immunization survey, bias due to social desirability is reduced. A weakness is that temporary residents, which include newly arrived migrants, were not sampled in LSAC. Australian research shows that a high proportion of children with incomplete vaccination records were born overseas (Beard, Hull, Leask, Dey, & McIntyre, 2016; Gibbs, Hoskins, & Effler, 2015) . Although our results
showed that the few overseas-born children in the sample were at increased risk of delayed immunization, this underestimates the extent of incomplete immunization amongst migrant and refugee families in the community. Another limitation is that our single-item measure of attitude may have underestimated hesitancy by failing to capture the range of reasons why parents are hesitant about immunization (Larson et al., 2015) . In addition, because immunization items were answered only by the child's primary caregiver, who were mostly mothers, the role of fathers' attitudes is unknown. We also did not consider the subgroup of objectors who start vaccinating and then cease. Zero study children born overseas were totally non-immunized. Therefore estimates could not be produced for the association between overseas birth and complete non-immunisation. Reverse-coded for calculation of PAF.
d Poorer study child health was associated with an increased likelihood of delayed immunization but a decreased likelihood of total non-immunization. Therefore, this item was reverse-coded for calculation of PAF for the non-immunized outcome, and estimates are shown in separate rows for clarity.
et al., 2009). Providing vaccines in easy-to-access locations outside business hours, as well as administering vaccines on the same day the parent calls to make an appointment, could also create more immunization opportunities for busy families (Frew & Lutz, 2017) .
Although all these strategies have some support in the literature, they stand in contrast to penalty-based policy initiatives such as Australia's "No Jab No Pay," which is likely to only change behaviour only in a small proportion of the already small group of objectors and does not support the larger group of incompletely immunized children living in families with access issues (especially migrant families). In addition, some Australian states and international jurisdictions such as California do not allow incompletely immunized children to access childcare, which may compound disadvantage for vulnerable families (Beard et al., 2017; Leask & Danchin, 2016; Paxton, Tyrrell, Oldfield, Kiang, & Danchin, 2016 
